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Abstract
A series of compaction experiments at low (quasi-static) and high strain rates were performed on three distinct morphology CeO2
powders.  Characterization of the as-received powders revealed a wide range in particle size, shape, surface features, and particle
configurations.  Microstructural features are related to measureable variations in the compaction response for the powders under quasi-
static loading.  Specifically, factors affecting particle rearrangement during the initial stages of compaction were found to have the
strongest influence on the low strain rate compaction response.  Particle morphology was observed to have a reduced influence during 
dynamic impact loading, and all three distinct morphology powders were found to display similar compaction responses. For the CeO2
powders investigated, it is believed that total compact porosity and/or particle strength are the factor(s) dominating the dynamic
consolidation response in the incomplete compaction region.     
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1. Introduction
The consolidation response of powders at moderate pressures is influenced by many factors, which can include strain
rate, particle size, particle shape, initial density, and strength.  Where consolidation at low strain rates is thought to occur in 
three distinct, yet overlapping, stages [1], at high strain rates the transformation to a higher density state is believed to be a 
single step process, and occurs with the passage of the shock front [2]. Therefore, it is expected that different factors will
control the process of compaction in the low and high strain rate regimes.  To develop physically based models which can 
capture, and/or predict, the consolidation response of powders and porous materials at moderate pressures, one must first 
determine the dominant physical and mechanical properties controlling the response at specific strain rates.  This work 
examines the compaction response of three distinct morphology CeO2 powders at both low and high strain rates.  In
investigating three distinct, yet chemically similar, CeO2 powders, the influence of initial particle morphology on the
consolidation response in a system where limited plastic deformation is expected to occur is examined explicitly.  
Characterization of the powder systems is presented first, followed by a description of the low strain rate compaction
experiments and results.  Subsequently, details of the dynamic experiments are given, and results are discussed in terms of 
the powder morphology.
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2. Powder Characterization 
 
The three CeO2 powders investigated were obtained from commercial vendors, and were nominally similar in chemical 
composition.  However, each powder had a unique morphology and size distribution.  The as-received powders are shown in 
Fig. 1(a)  (c), and will be referred to throughout the remainder of this work as 300 nm, equiaxed, and rods, respectively.   
 
 
 
 
 
 
The 300 nm powder was obtained from Ocean State Abrasives (West Warwick, RI) and was reported to have a purity of 
99.95%.  The equiaxed powder was obtained from American Elements (Los Angeles, CA), and was reported to be 99.5% 
pure.  The rods were obtained from Alfa Aesar (Ward Hill, MA), and were listed from the manufacturer as 99.99% pure.  
Examining Fig. 1, it is observed that each powder has a distinct size and shape.   Comparison of the 300 nm and equiaxed 
powders reveals that the 300 nm powders are more irregular in shape and are characterized by a globular morphology.  
While the two powders appear to be of comparable size, the 300 nm powder is shown to exhibit a greater percentage of 
smaller size fraction particles.  The majority of the rods, as shown in Fig. 1(c), are much larger in size than the other two 
powders, and are characterized by relatively high aspect ratios. 
In addition to examining the morphologies, a series of particle size analysis experiments were performed on the three 
powders.  A Horiba Light Scattering Analyser was used to determine the particle size in the as-received condition, as well as 
after some degree of sonication.  It was found that for all three powders the as-received condition resulted in agglomeration 
of the particles.  Consequently, the size distribution was observed to change with increasing amounts of sonication, where 
the 300 nm and equiaxed particles reached an equilibrium distribution within 2-3 minutes of sonication.  For the rods 10 
minutes of sonication was as required before equilibrium was reached, where it is likely that the high aspect ratio and 
faceted particle surfaces resulted in significant interlocking between particles.  Results for the equilibrium particle size 
distributions are shown in Fig. (2), where in this analysis the particle shape is assumed spherical. 
Examination of Fig. (2) reveals a strong bi-modal character in both the 300 nm and equiaxed particles, while the rods 
exhibit a nominally uni-modal structure.  Peak locations, or modes, for the 300 nm and equiaxed particles are found to 
coincide very closely with one another.  While the primary mode for the 300 nm powder is located at 0.08 m and the 
secondary mode is at 0.70 m, peaks for the equiaxed powder are nearly inverted with the primary and secondary modes 
located at 0.70 and 0.07 m, respectively.  As such, the mean particle sized for these two powders are shifted toward their 
primary modes with the 300 nm powder displaying a mean of 0.32 m and the equiaxed powder displaying a mean of 0.63 
m.  For the rods the primary mode is located at 8.24 m, with a low intensity tail observed at 0.03 m.  The mean particle 
size for the rods was found to be 7.8 m.  However, morphology of the rods is characterized by a high aspect ratio, and sizes 
reported using the light scattering technique, which assume a spherical morphology, should be treated as a general 
approximation only. 
Fig. 1. Micrographs of the as-received CeO2 powders illustrating varying morphologies between the (a) 300 nm, (b) equiaxed, and (c) rods. 
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The heterogeneities in particle size and shape in Figs. (1) and (2) also manifest themselves through measurable 
differences in the specific surface area as well as initial particle configuration.  Table (1) gives the specific surface area and 
bulk and tap density measurements for the three CeO2 powders.  Surface areas were measured by the gas adsorption 
technique with a Quantachrome Autosorb-1 MP analyzer.  
 
    
Table 1. Measured values of the specific surface area and bulk and tap densities.  
 
Powder Surface Area Bulk Density Tap Density 
 (m2/g) (g/cm3) (g/cm3) 
300 nm 10.7 1.00 1.41 
Equiaxed 3.34 1.27 2.13 
Rods 6.28 1.01 1.62 
 
The differences in specific surface area reported in Table (1) reflect an interplay between particle size and shape.  The 
300 nm particles are found to possess the greatest surface area, while the equiaxed particles exhibit the least.  Generally, 
surface area tends to increase as particle size is reduced and shape deviates farther from spherical.  Therefore, while the 
morphology of both the 300 nm and equiaxed are similar, with respect to deviations from spherical particles, the reduced 
size fraction of the 300 nm powder increases the surface area over that of the equiaxed particles.  Measured specific surface 
area for the rods exhibits median values, reflecting both its high aspect ratio and large particle size.  
Bulk and tap densities were performed using a Quantachrome Autotap 02106-60-1 within a 10 ml graduated cylinder.  A 
known mass of powder was inserted into the cylinder and the volume was measured to determine bulk density.  The powder 
was then subjected to a series of 3,000 taps prior to measurement of the tap density.  Examining the bulk and tap densities in 
Table (1) it is observed that the tapping operation results in varying increases in the measured density.  For the 300 nm, 
equiaxed, and rods, increases of 41%, 68%, and 60% are found.  Considering the 300 nm and equiaxed powders, which 
exhibited the least and greatest increases in density, respectively, it may be possible to relate the relative increases in density 
with distribution in particle size.  For the binary packing of idealized spherical particles, Santiso and Müller [3] found that 
greater packing efficiencies were realized when the size distribution was composed of an increased amount of large size 
fraction particles.  Examining the size distributions in Fig. (2), it is observed that a more optimal distribution for packing 
Fig. 2. Particle size distribution following sonication to reach an equilibrium state for the three morphology CeO2 powders.  
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efficiency is exhibited by the equiaxed particles, while the opposite distribution is displayed by the 300 nm particles.  
Therefore, it is supposed that particle size distribution is the dominant factor causing disparities in the packing efficiencies 
between the 300 nm and equiaxed particles. 
 
3. Low Strain Rate Compaction 
Particle morphology was found to strongly affect the low strain rate, or quasi-static, uniaxial compaction response.  
Measurements of the quasi-static compaction response were performed on 5 grams of 
composed of high strength tool steel.  Continuous measurements of force and displacement were recorded for the filled and 
unfilled dies on a screw-driven Instron 4483 load frame with 150 kN load capacity.  Pressure density curves were calculated 
for each power after accounting for compliance, and it was assumed that the die walls remained rigid during compression.  
The calculated pressure-density curves for all the powders are shown in Fig. (3). 
Examining the region of pressure greater than ~200 MPa in Fig. (3), it appears that the responses of the three powders 
are similar in slope and curvature.  However, final density is found to vary, and one must look to the lower pressure regime 
for insight into this variation.  Recall that both the 300 nm powder and the rods had similar bulk densities, see Table 1.  
Under the application of pressure it is found that the 300 nm particles are more easily compacted at lower pressures than the 
rods.  This is observed in Fig. (3) as positive deviations in the pressure-density curve from the density axis that are shifted to 
the right for the 300 nm powder.  For the rods, this deviation is observed following a density increase of only ~50%, while 
for the 300 nm particles the increase in density is roughly 100%.  This suggests that in the low pressure regime the 300 nm 
particles are able to undergo a greater amount of rearrangement prior to the formation of force chains in the compacts.  The 
variations are attributed to differences in particle morphology, where the relatively smooth surfaces of the 300 nm particles 
favor the processes of rolling and sliding that occur during rearrangement.  Conversely, the high aspect ratio and faceted 
surfaces of the rods promotes particle interlocking, and further densification in this system can only occur following the 
breakup of the interlocked particles.  In contrast to the previously discussed powders, which begin at equivalent bulk 
densities, the equiaxed powder possesses a higher bulk density.  Of the powders investigated, the equiaxed particles are 
found to undergo the greatest amount of rearrangement at low pressures.  For these particles a density of approximately 3.0 
g/cm3 is reached prior to onset of noticeable increases in pressure, see Fig. (3).  Therefore, it is not surprising that the 
equiaxed particles are also able to reach the highest overall density under the application of pressure.    
 
Fig. 3. Quasi-static densification paths for the CeO2 powders (curves).  Also included are the bulk densities (solid bars) for the rods (R), 300 nm (300), and 
equiaxed (Eq) particles, and a line (dashed) indicating the starting density for dynamic experiments. 
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4. High Strain Rate Compaction 
High strain rate compaction experiments were performed on the three powders at an initial density of 4.0 g/cm3.  For the 
300 nm, equiaxed, and rods, the pressures required to reach an initial density of 4.0 g/cm3 were approximately 80, 45, and 
125 MPa, respectively, see the dashed vertical line in Fig. (3).  As such, it is plausible to expect that the as-received powders 
may have undergone varying levels of deformation and fracture during pre-processing to 4.0 g/cm3, depending not only on 
the global applied pressure, but also the localized pressure at particle contacts.  To investigate the effect of pre-processing on 
particle morphology, micrographs of the pressed samples were examined, and are shown in Fig. (4).  Particle structures of 
the 300 nm and equiaxed powders pressed to 4.0 g/cm3 (Figs. (4)(a) and (b)) appear very similar in form to their as-received 
counterparts (Figs. (1)(a) and (b)).  Therefore, the pressures required to pre-process the 300 nm and equiaxed powders to 4.0 
g/cm3 have little effect on particle morphology, and direct correlations between the dynamic compaction response and 
morphology characteristics of the as-received powders can be made.  However, pre-processing is found to significantly 
modify the as-received particle structure of the rods.  Examining the as-received and pre-processed rod morphologies found 
in Fig. (1)(c) and Fig. (4)(c), it is observed that the initial grains have been reduced in size and altered in shape, where the 
pre-processed particles are more blocky in appearance. 
 
 
Dynamic impact experiments were performed in a parallel plate impact configuration using 51 mm and 80 mm diameter 
gas-guns.  The target fixture into which the powders were pressed to 4.0 g/cm3 prior to performing the dynamic experiments 
is shown in Fig. (5), along with the location of the optical velocimetry probes that were used to measure the shocked state in 
the powder.  In this configuration, an impactor was accelerated down the barrel of the gas-gun and struck the baseplate of 
the target fixture shown in Fig. (5) from left to right.  In all experiments both the impactor and baseplate were OFHC Cu.  
The diameter of the pressed powder compact was 25.4 mm, and nominal thicknesses for the baseplate, powder, buffer, and 
window were 1.5, 1.5-2.0, 0.5, and 16 mm, respectively.  Shock velocity in the powder was calculated from measuring the 
arrival times at 50% of the peak material velocity recorded at the rear surfaces of the baseplate (PDV-1, PDV-4) and powder 
(PDV-2, PDV-3) using Photon Doppler Velocimetry (PDV) [4].  The experimental results are given in Table 2, where the 
relative volume reported is with respect to a solid density of 7.215 g/cm3.  For experiments 56-11-19, -20, -26, and -27 only 
a single measurement of shock velocity was recorded, where the remainder of the experiments recorded two.  In addition to 
the PDV probes used to measure shock velocity, a single VISAR [5] probe was also implemented to investigate the structure 
of the wave following traversal through the powder and into the PMMA buffer and window.  In this configuration a PMMA 
buffer was affixed to the front surface of the PMMA window following the evaporation of a thin layer of Al on the front 
surface of the window.     
Fig. 4. Micrographs of the (a) 300 nm, (b) equiaxed, and (c) rods following pressing to a density of 4.0 g/cm3 and separation for imaging. 
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The impedance matching method was used to calculate the shocked state of the powder from the measured impact 
velocity VI, initial density 00, and shock velocity US.  Uncertainties in the calculated parameters, shown in Fig. 6, largely 
reflect those in the reported shock velocity.  For the experiments where two shock velocity measurements were taken, an 
additional amount of uncertainty is included to reflect the variation in measured shock velocity with the reported average 
value.  A detailed description of the experimental design and uncertainty analysis used for the current experiments can be 
found in a forthcoming work by the authors [6].  
 
Table 2.  Results of the dynamic experiments for all morphology powders inclusive of initial density 00, impact 
velocity VI, pressure P, shock velocity US, material velocity uP, and relative volume V/V0.   
 
Shot 00 VI P US uP V/V0 
 (g/cm3) (km/s) (GPa) (km/s) (km/s)  
300 nm       
56-11-20 4.039 0.219 0.789 0.994 0.197 1.433 
56-11-19 4.023 0.407 1.760 1.223 0.358 1.269 
56-11-56 4.033 0.689 3.915 1.669 0.582 1.165 
1S-1525 4.012 0.782 4.587 1.740 0.657 1.119 
Equiaxed       
56-12-01 
56-12-13 
4.028 
4.013 
0.394 
0.691 
1.724 
3.776 
1.239 
1.603 
0.346 
0.587 
1.291 
1.140 
56-12-06 4.044 0.768 4.366 1.663 0.649 1.088 
Rods       
56-11-26 4.023 0.146 0.513 0.971 0.131 1.551 
56-11-27 4.052 0.405 1.775 1.233 0.355 1.268 
56-11-55 4.020 0.669 3.666 1.605 0.568 1.159 
1S-1523 4.055 0.770 4.572 1.747 0.646 1.122 
 
 
A plot of the compaction data for the three morphology powders is shown in Fig. 6, where the initial condition is at 
V/V0 = 1.8 ( 00 = 4.0 g/cm3).  Also shown in Fig. 6 is the calculated Hugoniot for solid CeO2 [7], which gives the P-V/V0 
response of the solid material.  Due to the excess energies associated with the consolidation of initially porous materials [8], 
dynamic compaction data for CeO2 at an initial density of 4.0 g/cm3 should always lie to the right of the solid curve.  
Examining the data for the three morphologies, it is observed that as pressure is increased the powders are compressed 
closer to the solid; however, full compaction is not reached over the pressure range investigated in the current work.   
Fig. 5.  Expanded view of the target fixture, where location of the optical velocimetry probes are shown by solid dots. 
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The experiments in Fig. 6 show little variation in consolidation response between the three powders, where within the 
limits of uncertainty the three powders all appear to densify along a similar path.  At pressures of approximately 1.7 and 4.5 
GPa, the shocked compressed state for both the 300 nm and rods are found to lie almost directly on top of one another, while 
that for the equiaxed powder is shifted only slightly.  These findings suggest that in the incomplete compaction regime 
initial particle morphology has little effect on the densification response for the three powders investigated.  Recalling the 
initial particle morphologies shown in Fig. 4, it is not surprising that a similar response may be observed between the 300 
nm and the equiaxed particles due to their comparable size and shape.  However, even after initial pressing to 4.0 g/cm3 the 
rods still possess a substantial amount of larger particles, see Fig. 4(c).  As such, variations in the size and shape between the 
three powders investigated are not found to cause a significant shift in the densification response.  
If deviations in internal structure (particle morphology) do not result in a markedly different dynamic compaction 
response for the CeO2 powders, then some other property, intrinsic or extrinsic, must be dominating the densification 
behavior.  With regard to extrinsic properties, total compact porosity is likely one of those factors, as variations in porosity 
have been shown to shift the dynamic densification response for both nano- and micron-sized particulate systems [9, 10].  
With all three powders tested at the same nominal initial density, it may be that total porosity is the dominant factor 
controlling the shape of the compaction trend.  However, material and/or particle strength may also play an important role, 
as during the compaction process densification proceeds by not only the removal of voids but also the deformation and 
fracture of the primary particles.  In observing the commutation of the larger CeO2 particles during quasi-static deformation 
(Fig. 4(c)), it is likely that fracture is also a key component of the dynamic densification processes.  Therefore, if one were 
able to determine the inherent fracture strength of the individual CeO2 granules, one might gain further insight into whether 
particle strength was a dominant factor resulting in similar compaction responses for the three powders. 
5. Conclusions 
Compaction experiments were performed on three distinct morphology CeO2 powders at both low (quasi-static) and high 
strain rates.  Under quasi-static loading it was observed that particle morphology strongly influenced the path of 
densification.  Specifically, the factors affecting particle rearrangement during the initial stages of compaction, e.g. high 
aspect ratio and surface roughness, were found to have the strongest influence on densification.  Under dynamic impact 
loading, it was found that initial particle structure had minimal influence on the compaction response.  All three powders 
were found to compact along a similar path, such that a single compaction curve, or compaction model (e.g. P-  or 
P- could be used for all of the powders.  With differences in particle morphology shown to have little impact on the 
Fig. 6.  Dynamic compaction response of 300 nm (circles), equiaxed (triangles), and rods (squares) beginning at an initial density of 4.0 g/cm3, along with 
the calculated Hugoniot for solid CeO2 (dashed line). 
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measured dynamic response, it is supposed that total compact porosity and/or particle strength are the factor(s) controlling 
the crush-up response.      
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